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Abstract

The thermaliy-induced stresses and deformations in graphite-epoxy tubes with aluminum foil
bonded to both the inner and outer surfaces, and to the outer surface only are computed.
Tubes fabricated from three material systems, T300/934, P75s/934, and P75s/BP907, and
having a 1 inch inner radius and a lamination sequence of [ +15/0/ + 10/0/ — 15], are studied.
Radial, axial, and circumferential stresses in the various layers of the tube, in the foil, and in
the adhesive bonding the foil to the tubes are computed using an elasticity solution. The
results indicate that the coatings have no detrimental effect on the stress state in the tube,
particularly those stresses that lead to microcracking. The addition of the aluminum foil does,
however, significantly influence the axial expansion of the T300/934 tube, the tube with the
softer graphite-fibers. The addition of foil can change the sign of the axial coefficient of
thermal expansion. Twist tendencies of the tubes are slightly affected by the addition of the

coatings, but are of second order compared to the axial response.
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Introduction

This study examines the effect of the thickness of an adhesive layer, used to bond an
atuminum foil to the surface of a graphite-epoxy tube, on the thermal response and stress
state in the tube. Composite tubes with a balanced symmetric lamination sequence of
[ +15/0/ + 16/0] — 15], and a 1 inch inner radius and 60 mil wall thickness are studied. Three
material systems, T300/934, P75s/934, and P75s/BP907, with fiber volume fractions of 68%,
55%, and 55% respectively, are considered. The foil is a 2 mil thick 0 temper 1100 aluminum,
and the adhesive is American Cyanamid FM73. The thickness of the adhesive is varied
between 0 and 10 mils. The foil is applied to either the inner and outer surface of the tube,
or to just the outer surface. The tube is co-cured with the adhesive and foii at 350° F and is
assumed to be stress free at that temperature. The tube response is examined at

temperatures of -150° F, 0° F, and 150° F.

Of specific interest in the study is the effect of the adhesive layer thickness on the stresses
that cause microcracking in the tube, and on the stresses in the foil layer. In addition, the
effect on the overall thermal expansion is examined. To better understand the mechanisms
controlling the stress states, not only are tubes with aluminum foil and adhesive examined,
but also tubes with only adhesive. The elasticity approach developed by Cohen and Hyer
[1]. and expanded by Rousseau and Hyer [2], is used to study the stresses and deformations.
The elasticity approach assumes the problem is axisymmetric and the answers are valid in
the central region of the tube, away from any end attachments. Due to the fact that the tube
with coatings only on the outer surface constitutes an unsymmetric laminate, the twist

response of the tube is also examined.
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Results

Thermally-induced stresses in the tubes

The stress state in the composite tube with no foil or adhesive is studied initially. This is
referred to as the uncoated tube and it serves as somewhat of a datum. Then tubes with foil
and varying thicknesses of adhesive are studied. The thickness of the aluminum layer used
is 2 mils in all cases. Adhesive layer thicknesses of 0 mils, 2 mils, 5 mils, and 10 miis are
studied. Tubes coated with adhesive, in the thickness described above, but with no aluminum
foil are also examined. In the following discussion only the results at a temperature of -150°F
are presented. The trends in the stresses at the other temperatures are the same, the

magnitudes being proportionately closer to zero at the higher temperatures.

The material properties used in the calculations to represent the three material systems are
given in Table 1. The composite materials are assumed to be transversely isotropic in the 2-3
plane. The next sections describe the stresses in the tubes for the three material systems.
Results are discussed first for the tubes with coatings on both the inner and outer surfaces,
and then for tubes with coatings on the outer surface only. The stress distributions resulting
from the addition of the different adhesive thicknesses with and without foil to a given tube
are depicted in a single graph to allow direct comparison of the effect of the various coatings.
The radial variation of the stresses in the walls of the tubes coated on both the inner and outer
surfaces are presented in Figures 1a-7c. The stress distributions in the tubes coated on the
outer surface only are presented in Figures 8a-14c. The key maximum values in the various
layers, and in the foil and adhesive, are presented in Tables 2-7. Tables 2, 3, and 4 summarize
the results for the tubes with coatings on the inner and outer surface, while Tables 5, 6, and
7 summarize the results for tubes with coatings only on the outer surface. The tables will not
be referred to specifically in the sections that follow, but it is easy to follow the table entries
from the discussion. Herein, the 1-2-3 principal material system is used to describe the
stresses in the tube itself, 1 being the fiber direction and 2 being transverse to the fiber
direction, in the plane of the layer. The 3 and radial directions are coincident. The stresses

in the isotropic materials, namely, the aluminum foil and the adhesive, are described in terms
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of the axial and circumferential stresses, which are for all intents and purposes principal
stresses, though not necessarily the maximum and minimum ones. The maximum shear

stresses in the layers are also presented in the tables.
Stresses in tubes coated on the inner and outer surfaces

The fiber direction stresses in the composite and axial st'resses in the foil and adhesive as a
function of radial position are shown in Figs. 1a, 1b, and 1c for the three material systems. In
these and subsequent figures, the nondimensional radial distance through the tube wall is on
the horizontal axis. Stresses are on the vertical axis. The nondimensional radial location at
zero corresponds to the inner radius of the composite tube. The nondimensional radius unity
corresponds to the outer radius of the tube. Stresses in the adhesive and foil are given by the
stresses at radial location less than zero and greater than unity. Shown on each figure are
the stresses for the case of no foil or adhesive (uncoated tube); the case of foil with no
adhesive; cases with no foil but several thicknesses of adhesive; and cases of foil with several
thicknesses of adhesive. The leftmost and rightmost positions on the horizontal axis, then,
correspond to stresses in the foil, stresses in the adhesive, or stresses at the extreme radial

locations in the tube itseif, depending on the particular case and the particular figure.

As can be seen in Figs. 1a, 1b, and 1c, the axial stress in the foil is not a strong function of the
material system, nor adhesive thickness. The values are between 60 and 70 ksi for all cases.
Nor are the axial stresses in the adhesive a strong function of material system or adhesive
thickness, the values ranging from 7-8 ksi for all cases. The stresses in the composite tube,
however, are definitely a function of the material system. The stresses in the fiber direction
in the P75s/BP907 tube are approximately twice the stresses in the T300/934 tube. This is
attributed to the material properties of the tube itself, and is not related to the foil or adhesive.
Figures 2a, 2b, and 2c provide details of the stresses parallel to the fibers in just the
composite. In figures such as these that are used to show the details of the stresses within
the composite tube itself, the vertical scale has been reduced and stresses in the foil and
adhesive eliminated from the plot. The above-mentioned sensitivity of the tube stresses to the
material system is more evident in these figures. In addition, the sensitivity to the different

thicknesses of adhesive is also evident. For the case of P75s/BP907, Fig. 2c, there is little
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influence of the foil and adhesive on the fiber direction stresses. This is evidenced by the fact
that all cases are grouped closely to each other in that figure. On the other hand, for
T300/934, Fig. 2a, there is significant spread to the results. It is noted that for all three material
systems and all adhesive layer thicknesses, the fiber direction stresses are quite small
compared to the failure stress of the material. The addition of foil and adhesive to the inner
and outer surface of a composite tube, therefore, is not considered detrimental to the stresses

in the fiber direction.

Whereas in the axial direction the stresses in the foil and adhesive were not a functions of
material system, it is seen from Figures 3a, 3b, and 3c that the circumferential stresses in the
foil are a strong function of the material system. For the T300/934 tube at -150° F, Fig. 3a, the
foil is in tension in the circumferential direction. In contrast, in the P75s/934 tube, Fig. 3b, the
foil is in compression in the circumferential direction, and for the P75s/BPS07 tube, Fig. 3c,
the foil is in even greater compression in the circumferential direction. The sign change in the
circumferential stress as the material system is changed is directly related to the magnitude
of the coefficient of thermal expansion of a layer of composite material perpendicular to the
fiber, i.e., a,. A compressive stress in the foil could lead to wrinkling if the adhesive bond is
poor, while a tensile stress in the foil could cause tearing. It should be noted that the
circumferential stress in the adhesive is tensile, independent of material syétem, and ranges

from 2 to 5 ksi.

Figures 4a, 4b, and 4c provide details of the stresses transverse to the fibers in the layers of
the composite tube. The influence of the foil and the various thickness of adhesive on the
transverse stress, one of the stress components which cause microcracking, is a strong
function of material system. For T300/934, Fig. 4a, the addition of foil and adhesive in any
thickness, including the case of zero adhesive thickness, tends to force the transverse stress
to be less tensile. For some cases with this material system the transverse stresses are
actually compressive, this being beneficial for reducing microcracking. For the P75s/934, Fig.
4b, the addition of foil with no adhesive causes a small additionai amount of tension in the
transverse direction. However, including an adhesive layer with the foil causes the transverse
stresses to be less tensile. With the P75s/BP907, Fig. 4c, the addition of foil causes transverse
stresses to approximately double. The addition of an adhesive layer causes variations in this
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increase, the thicker adhesive with foil causing a less severe stress increase. In Fig. 4c there
are two distinct sets of data. One set, the upper one, is the case of the tube with adhesive
and foil. The lower set is the case of the tube with adhesive only. Considering all three
material systems and all cases of adhesive thicknesses, there is no condition when the

transverse stresses become severe.

The shear stresses in the tube, Figs. 5a, 5b, and 5c, are practically independent on whether
or not there is a foil and or adhesive coating. This is indicated by the small variations in the
shear stress distributions for the different cases of foil and adhesive coatings shown in each
of the figures. The shear stresses do, however, increase with the addition of foil and/or
adhesive. The shear stress values for the foil and adhesive are one half the maximum
difference in the principal stresses. For this problem, the three principal stresses in the foil
are, for all intents and purposes, coincident with the axial, circumferential, and radial
directions. For all material systems, the maximum principal stress in the foil is the axial
stress. For the P75s/934 and P75s/BP907 systems the minimum principal stress in the foil is
coincident with the circumferential direction. For the T300/934 system the minimum principal
stress in the foil is radial. As can be seen, the maximum shear stress in the foil is dependent
on the material system, ranging from 27 to 45 ksi. Figures 6a, 6b, and 6c show details of the
shear stress in the tube itself. Except for the two distinct groups of data for the P75s/8P307,
the figures demonstrate the rather weak dependence of shear stress in the tube itself on the
existence of coatings. Although the shear stress reaches 4000 psi in the P75s/BPS07 tube, the

highest shear stress in the three material systems, this stress is below expected failure levels.

The radial stresses, though small, are strongly dependent on material system and on the
addition of foil and adhesive layers. The radial stress distribution in the uncoated tube is very
similar for all three material systems. This can be seen by examining the solid lines in each
of Figures 7a, 7b, and 7¢. The addition of foil and adhesive to the T300/934 tube, however, has
the opposite effect to adding the foil and adhesive to the P75s/BP907 tube. The radial stress
between the foil and adhesive is tensile near the outer radius in the P75s/BP307 system, Fig.
7¢, while in the T300/934 system, Fig. 7a, that stress is compressive. This difference was aiso
reflected in the sign of the circumferential stress in the foil in these two systems. The

difference can be explained as follows: When cooled, the P75s/BP907 shrinks radially more
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than the foil. At the outer radius the tube wants to pull away from the foil, and at the inner
radius it wants to close in on the foil. The pulling away of the tube from the foil at the outer
radius causes a tensile o, at the outer interface. The closing in at the inner radius causes
radial compression at the inner interface. At both locations the radial stresses cause
compressive circumferential stresses in the foil. In contrast, the T300/934 does not shrink as
much radially as the foil. Therefore at the outer radius the foil closes in on the tube, while at
the inner radius the foil pulls away from the tube. This results in tensile o, at the inner
interface and compressive o, at the outer intei’c.... These both cause tensile circumferential

stresses in the foil.

In summary, the calculations indicate that the addition of foil and any thickness of adhesive
is not detrimental to either the fiber direction or transverse stresses. The transverse stresses,
which together with the shear stresses, are responsible for microcracking in general decrease
with the addition of coatings to a composite tube for alt of the material systems studied. The
shear stresses, on the other hand, increase slightly in all three material systems. On balance,
it is felt the addition of foil and adhesive have no detrimental effect on the stresses that cause
microcracking in the plane of the lamina. The addition of foil and adhesive also influence the
interlaminar radial stresses. Although the interlaminar tensile stresses are not large in any
of the material systems, the addition of foil and adhesive increases these stresses in some
locations of the tube. If the interlaminar bonds between layers of the composite, or between
foil and adhesive, or between adhesive and composite are quite weak, these interlaminar

stresses could cause separation.

it should be mentioned that the stresses in the foil are quite high. The stresses are beyond
the yield stress of 0 temper 1100 aluminum. Therefore these results, which are based on a
linear elastic analysis, would be in question. If a 7000 series aluminum foil was used the
stresses in the foil may be within the linear elastic range. However, any vielding of the foil
would decrease its stiffness and thereby decrease its influence on the tube itself. Not
including vielding of the foil material. if it actually would occur. results in conservative

calculations of the influence of the foil.
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Tables 2, 3, and 4 summarize the maximum values of the fiber direction, transverse, shear and
radial stresses. Remember that in the isotropic adhesive layer and foil, o, is the axial stress,
o, the circumferential stress, and r,, the maximum shear stress. As can be seen from the
previous figures, except for the radial stress component, all stresses are practically constant
within a layer. Therefore the maximums reported in Tables 2, 3, and 4 are essentially the

value of the particular stress component within the layer.
Stresses in tubes coated on the outer surface only

Coatings on the outer surface of the tube only have similar effects on the stresses in the
aluminum, adhesive, and tube as coatings on both surfaces. Within the composite the
variation of the stresses caused by the different coatings is less than in the tube coated on
both surfaces. Stresses in the foill and adhesive are roughly the same in corresponding
coating types regardless of whether the coatings are on both the inner and outer surface, or
on the outer surface only. As with the coatings on the inner and outer surface, the radial
stress distributions are greatly affected by the material system. Figures 8a-14c illustrate these
results. Tables 5, 6, and 7 summarize the results, as did Tables 2, 3, and 4 for tubes with
coatings on both inside and outside. By comparing Tables 5, 6, and 7 with Tables 2, 3, and
4, it can be seen that relative to the uncoated tube, the addition of coatings on just the outside
has less of an effect on stresses than the addition of coatings on both the inside and outside.
Therefore, it can be concluded that the addition of an aluminum foil and adhesive coating to

only the outer surface of the composite is not detrimental to the stresses in the tube.

Thermally-induced deformations in the tubes

Accompanying any temperature change are deformations in the axial, circumferential, and
radial directions. Unless clearance near the inner or outer radius of the tube is an issue,
radial deformations are not critical. (An exception to this is at the ends of the tube where a
mismatch in the radial deformations of the tube and the radial deformation of any end
connectors could lead to severe stresses.) Here the effects of the coatings on the axial and
circumferential deformations of the tube are discussed. The circumferential deformations are
examined in the context of twisting of the tube.

Analytical Study of Graphite-Epoxy Tube Response to Thermal Loads 7



Axial extension of the tubes

The axial extension of the tubes coated on both the inner and outer surface are graphically
presented in Figures 15a, 15b, and 15c. For tubes coated on the outer surface only the
extensions are presented in Figures 16a, 16b, and 16¢c. The results are presented as the
thermally induced axial strain as a function of tube temperature, zero strain corresponding to
the 350° F processing temperature. The numerical results for the axial extension and the
thermally induced twist to be discussed shortly, for all coatings are summarized in Tables 8,

g, and 10.

As can be seen from the results, the axial response of the uncoated tube for all three material
systems is extensional. Of course the axial response is maximum at -150° F. The addition
of foil with any thickness of adhesive to the T300/934 tube changes this characteristic and
causes an axial contraction that is maximum at -150° F. A coating of adhesive only on the
T300/934 tube decreases the amount of axial response relative to the uncoated tube but does
not change its sign. The addition of a coating of foil and/or adhesive to the P75s/934 or
P75s/BP907 tubes decreases the axial response but does not change its sign. The thickness
of the adhesive layer does not have a significant effect on the axial deformations of these two

material systems.

For tubes coated on the outer surface only, the axial response is positive for all three material
systems. For the T300/934 tube, one foil is not enough to reverse the effects of the tube itself.
In all cases, the coefficient of thermal expansion is decreased by less than with the coatings
on both surfaces. A comment should be made at this time regarding thermally-induced axial
expansion. The axial expansion, or contraction as the case may be, is a function of the elastic
properties and thermal expansion properties of the graphite-epoxy, the adhesive, and the
aluminum. The elastic and thermal expansion properties in the axial direction are important,
but Poisson’s ratio also has a role. For example, when a tube is subjected to a radial stress,
due to the Poisson effect its length changes. A circumferential stress will aiso contribute to
a length change. The difference in material properties between the graphite-epoxy tube and
the aluminum and adhesive, coupled with the temperature change, changes the radial and

circumferential stresses in the tube, and induces radial and circumferential stresses in the

Analytical Study of Graphite-Epoxy T'ibe Response to Thermal Loads 8



adhesive and foil. Indirectly, these radial and circumferential stresses influence the axial
deformation of the tube. These are important enough effects that thinking of the tube as

strictly an axial element can lead to the wrong conclusions.

Thermally-induced twist

The thermally-induced twist in the tube with and without.coatings is very small. To be sure
it is not zero, but because the tubes are balanced, twist tendencies are of second order
compared to axial extension characteristics. However, since the off axis layers at + § are at
a slightly different radial position than the off axis layers at — @ (@ here being 10° or 15° ), there
is a twist. Twist as a function of temperature is shown in Figs. 17a-18¢c. A summary of the

results is presented in Tables 8-10. The figures show the twist of the tubes, in microradians

per inch, as a function of temperature.

An examination of the twist data reveals an unexpected effect. The addition of a coating, be
it foil or adhesive or both, increases the twist tendency relative to the uncoated tube in both
the T300/934 and P75s/934 material systems. This despite the fact that foil and adhesive are
each isotropic and by themselves have no tendency whatsoever to twist. The increased twist
with the addition of the coatings is again due to coupling of radial, circumferential, and axial
response. This is as follows: With no coating, the tube does twist, due to the aforementioned
difference in radial location of the + 0 and — 8 layers. One can think of the tube as then having
some net slight off-axis fiber orientation causing a small amount of twist as the tube is cooled.
If a radial stress is applied to the tube, at either the inner or outer surface, the radius changes
and accordingly, the circumference changes. The change in circumference results in a
circumferential strain which, through shear-extension coupling of the slightly off-axis material,
causes twist.  Therefore, anything influencing the radial stresses, and hence the
circumferential stresses, as the various coatings do, influences the twist. While the addition
of the coatings influences all three material systems, the additions influence the P75s/BP907
material system the least. How much the coatings influence the twist, and indeed the axial
extension discussed above, is a function of all the material properties. From the study here,
it also appears that the coefficients of thermal expansion of the graphite epoxy have a strong
influence, particularly in the presence of the stiffer P75s fibers.
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A coating applied only to the outer surface of the tube has a similar but weaker effect on the

twist than that caused by coatings on both surfaces.

As mentioned above the units of twist in the figures and tables are radians/unit length of tube
in inches. To determine the twist of the end of a length of tube relative to the other end,

multiply the number in the table by the length in inches.
Thermal Expansion Coefficients

The extension and twist data in Tables 8, 9, and 10 can also be presented in terms of the
coefficients of thermal expansion (CTE) of the tube. Tables 11, 12, and 13 contain the
coefficients of thermal expansion for each of the tube configurations studied. In terms of the
quantities determined in the elasticity solution, the coefficients of thermal expansion in the

axial direction, the circumferential direction, and the twist coefficient, o, , a, and a,,

2]

respectively, are given by

—_ Acmeanlcmean

%y AT

0,
_7 Rmean
By =AY
In the above ¢° is the axial strain in the tube due to a temperature change AT and y° is a
measure of shear strain in the tube, also due to temperature change AT . C,,., is the mean
circumference of the tube, and AC,,,, is the change in that mean circumference due to a

temperature change. R, is the mean radius of the tube. Reference 2 explains these

variables in detail.

Table 11 reveals the dramatic influence of the coatings on the axial response of the T300/934
tube. With no coating, the axial coefficient of thermal expansion is —0.4x10-8/°F. With foil and
2 mils of adhesive on the inner and outer surfaces, the coefficient changes to 0.088x10 #/°F.

With coating on the outer surface only the coefficient is —0.146x10 ¢/°F. Tables 12 and 13
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indicate the smaller influence of coatings on the other material systems. The tables also
indicate the change in twist tendencies caused by the addition of the coatings. The use of
nanoradians per inch to represent twist reemphasizes the fact that twist is a second order

effect.

It is of interest to compute the coefficients of thermal expansion using classical lamination
theory. From classical lamination theory the coefficients of thermal expansion can be
determined by applying a temperature change and using the resulting midplane strains. For

this condition, then, in a symmetric laminate

0
—
*x=AT
0
=
ay_ T
and
o]
_ Ixy
Ty =TAT

where 2, 22, and y3, are the midplane strains resulting from the temperature change. In an
unsymmetric laminate a change in temperature induces curvatures as well as extensions.
Thus the above expressions do not hold. Although the tubes coated only on the outer surface
constitute an unsymmetric laminate, the CTEs were approximated using classical lamination

theory by analyzing a symmetric laminate with half of the thickness of the coating on the top

surface, and half on the bottom.

An examination of Tables 11-13 indicates the axial and transverse coefficients of thermal
expansion calculated with classical lamination theory are fairly close to those calculated from
the elasticity solution for the uncoated tube. Lamination theory, however, does not predict
twisting. For tubes coated with foil only, lamination theory predicts the CTEs fairly weil. For
tubes coated with adhesive only, lamination theory is not as accurate. With foil and adhesive,
for increasing adhesive thicknesses the difference between the predictions of CTE of classical
lamination theory and the elasticity solution increases.
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Conclusions

From the results presented there are two important findings. First, it appears that coatings in
any combination of foil or adhesive thickness, and whether on the inside and outside, or just
the outside, do not have any detrimental influence on the stress state in the composite tube.
Secondly, the coatings do influence the deformations. The addition of coatings can change the
axial expansion response, the response of the T300/934 material system being most severely
influenced. The tubes all experience twist tendencies but the magnitude of these tendencies
is very small. Clearly the tube response is a function of the adhesive layer thickness, but
compared to the effect of the foil, changing the thickness of the adhesive does not greatly

influence the tube response.

As part of the findings several other interesting results were revealed. The circumferential
stresses in the foil were found to be a very strong function of material system. The
circumferential stresses in the foil were tensile for the T300/934 system, and compressive for
P75s/BP907. This was due to the relative expansion of the foil and the tube in the radial
direction. Also revealed was the fact that a significant coupling between radial,
circumferential, and axial material properties exists in the tubes. Axial response, particularly
deformation, is influenced not only by material properties in the axial direction, but also,

response in the other directions, through Poisson’s effects.
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T300/934 P75s/934 | P75s/BP907 | Aluminum Adhesive

E, (Msi) 18.9 420 420 10.0 0.54

E, (Msi) 1.4 0.83 0.83 - -

Vig 0.31 0.35 0.35 0.30 0.35

G,, (Msi) 0.69 0.61 0.61 3.85 0.20

ay (10-%/°F) -0.06 -0.584 -0.584 12.8 21.8
a, (10-%/°F) 13.9 19.2 28.8 - -

Table 1. Material Properties
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Analytical Study of Graphite-Epoxy Tube Response to Thermal Loads
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Fiber Direction and Major Principal Stresses in the T300/934 Tube, Adhesive, and Foil

Figure 1a.

at -150° F: Coatings on Inner and Outer Surfaces.
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Fiber Direction and Major Principal Stresses in the P758/934 Tube, Adhesive, and Foil

Figure 1b.

at -150° F: Coatings on Inner and Outer Surfaces.
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Figure 1c. Fiber Direction and Major Principal Stresses in the P75s/BP907 Tube, Adhesive, and Foil

at -150° F: Coatings on Inner and Outer Surfaces.
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Figure 2a. Details of Fiber Direction Stresses in the T300/934 Tube at -150° F:
Coatings on Inner and Quter Surfaces.
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Figure 2b; Details of Fiber Direction Stresses in the P758/934 Tube at -150° F:
Coatings on Inner and Outer Surfaces.
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Figure 2c. Details of Fiber Direction Stresses in the P75s/BP307 Tube at -150° F:
Coatings on Inner and Outer Surfaces.
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Figure 3a. Transverse and Minor Principal Stresses in the T300/934 Tube, Adhesive, and Foll
at -150° F: Coatings on inner and Outer Surfaces.
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Figure 3b. Transverse and Minor Principal Stresses in the P75s/934 Tube, Adhesive, and Foll
at -150° F: Coatings on inner and Outer Surfaces.
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Figure 3c. Transverse and Minor Principal Stresses in the P75s/BP907 Tube, Adhesive, and Foil
at -150° F: Coatings on Inner and Outer Surfaces.
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Figure 4a. Detalls of Transverse Stresses in the T300/934 Tube at -150° F:

Coatings on Inner and Outer Surfaces.
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Figure 4b. Details of Transverse Stresses in the P758/934 Tube at -150° F:

Coatings on Inner and Outer Surfaces.
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Figure 4c.

Details of Transverse Stresses in the P75s/BP307 Tube at -150° F:
Coatings on Inner and Quter Surfaces.
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Figure 5a. Shear and Maximum Shear Stresses in the T300/934 Tube, Adhesive, and Foil

at -150° F: Coatings on Inner and Outer Surfaces.
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Figure 5b. Shear and Maximum Shear Stresses in the P758/334 Tube, Adhesive, and Foil
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Figure 5c.
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Figure 6a. Details of Shear Stresses in the T300/934 Tube at -150° F:
Coatings on Inner and Outer Surfaces.
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Figure 6b. Details of Shear Stresses in the P758/934 Tube at -150° F:
Coatings on Inner and OQuter Surfaces.
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Figure 6c. Detalls of Shear Stresses in the P753/BP907 Tube at -150° F:

Coatings on inner and Outer Surfaces.
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Figure 7a. Radial Stresses in the T300/934 Tube, Adhesive, and Foil at -150° F:
Coatings on Inner and Outer Surfaces.
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Figure 7b. Radial Stresses in the P75s/934 Tube, Adhesive, and Folil at -150° F:

Coatings on Inner and Outer Surfaces.
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Figure 7c. Radial Stresses in the P75s/BP907 Tube, Adhesive, and Foil at -150° F:
Coatings on Inner and Outer Surfaces.
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Fiber Direction and Major Principal Stresses in the T300/934 Tube, Adhesive, and Foil
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Figure 8b. Fiber Direction and Major Principal Stresses in the P755/934 Tube, Adhesive, and Foll
at -150° F: Costings on Outer Surface Only.
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Figure 9a.  Details of Fiber Direction Stresses in the T300/934 Tube at -150° F:

Coatings on Outer Surface Only.
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Figure 9b. Details of Fiber Direction Stresses in the P758/934 Tube at -150° F:
Coatings on Outer Surface Only.
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Figure Sc.

Detalils of Fiber Direction Stresses in the P75s/BP907 Tube at -150° F:
Coatings on Outer Surface Only.
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Figure 10a. Transverse and Minor Principal Stresses in the T300/934 Tube, Adhesive, and Folil

at -150° F: Coatings on Outer Surface Only.
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Figure 10b. Transverse and Minor Principal Stresses in the P75s/934 Tube, Adhesive, and Foll
at -150° F: Coatings on Outer Surface Only.
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Figure 10c. Transverse and Minor Principal Stresses in the P75s/BP907 Tube, Adhesive, and Foll
at -150° F: Coatings on Outer Surface Only.
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Figure 11a. Details of Transverse Stresses in the T300/934 Tube at -150° F:

Coatings on Outer Surface Only.
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Figure 11b. Details of Transverse Stresses in the P758/934 Tube at -150° F:

Coatings on Outer Surface Only.
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Figure 11c. Details of Transverse Stresses in the P75s/BP307 Tube at -150° F:
Coatings on Outer Surface Only.
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Figure 12a. Shear and Maximum Shear Stresses in the T300/934 Tube, Adhesive, and Folil

at -150° F: Coatings on Outer Surface Only.
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Figure 12b. Shear and Maximum Shear Stresses in the P758/934 Tube, Adhesive, and Foll
at -150° F: Coatings on Outer Surface Only.
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Figure 12c. Shear and Maximum Shear Stresses in the P75s/BP907 Tube, Adhesive, and Foil
at -150° F: Coatings on Outer Surface Only.
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Figure 13a. Details of Shear Stresses in the T300/934 Tube at -150° F:
Coatings on Outer Surface Only.
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Figure 13b. Details of Shear Stresses in the P75s/934 Tube at -150° F:

Coatings on Outer Surface Only.
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Figure 13c. Detalils of Shear Stresses in the P753/BP907 Tube at -150° F:

Coatings on Outer Surface Only.
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Figure 14a. Radial Stresses in the T300/934 Tube, Adhesive, and Foll at -150° F:
Coatings on Outer Surface Only.
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Radial Stresses in the P758/934 Tube, Adhesive, and Foil at -150° F:
Coatings on Outer Surface Only.
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Radial Stresses in the P75s/BP907 Tube, Adhesive, and Foil at -150° F:

Coatings on Outer Surface Only.
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Figure 15a. Axial Extension of the T300/934 Tube: Coatings on Inner and Outer Surfaces.
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Figure 15b. Axial Extension of the P758/934 Tube: Coatings on Inner and Outer Surfaces.
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Figure 15c.  Axial Extension of the P75s/BP907 Tube: Coatings on Inner and Outer Surfaces.
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Figure 16a. Axial Extension of the T300/934 Tube: Coatings on Outer Surface Only.
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Figure 16b. Axial Extension of the P758/934 Tube: Coatings on Outer Surface Only.
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Figure 16c. Axial Extension of the P75s/BP907 Tube: Coatings on Outer Surface Only.
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Figure 17a. Twist of the T300/934 Tube: Coatings on inner and Outer Surfaces.
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Figure 17b. Twist of the P75s/934 Tube: Coatings on Inner and Outer Surfaces.

Anatytical Study of Graphite-Epoxy Tube Response to Thermal Loads

76



0.8

4 %  UNCOATED TUBE
4 TUBE & FOLL ONLY
‘ +  TUBE & 2MIL ADHESIVE ONLY
0.7- O TUBE & 2MiL ADHESIVE & FOIL
. O TUBE & SMIL ADHESVE & FOIL
X TUBE & SMIL ADHESIVE ONLY
‘ © TUBE & 10MIL ADHESIVE & FOIL
#  TUBE & 10MIL ADHESIVE ONLY
0 . 6 “
<
0.5
g
a 0. " “
0 . 3 9
[
{
0 ] 2 “
0 o1 4
0 . 0 1] v 1
-1S0 150
TEMPERATURE
Figure 17c. Twist of the P75s/BP907 Tube: Coatings on Inner and Outer Surfaces.
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Figure 18a. Twist of the T300/934 Tube: Coatings on Outer Surface Only.
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Figure 18b. Twist of the P758/934 Tube: Coatings on Outer Surface Only.
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Figure 18c. Twist of the P75s/BP907 Tube: Coatings on Outer Surface Only.
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VIRGINIA TECH CENTER FOR
COMPOSITE MATERIALS AND STRUCTURES

The Center for Composite Materials and Structures
is a coordinating organization for research and
educational activity at Virginia Tech. The Center was
formed in 1982 to encourage and promote continued
advances in composite materials and composite
structures. Those advances will be made from the
base of individual accomplishments of the forty
members who represent ten different departments
in two colleges.

The Center functions through an Administrative
Board which is elected yearly and a Director who
is elected for a three-year term. The general purposes
of the Center include:

® collection and dissemination of information
about composites activities at Virginia Tech,

® contact point for other organizations and
individuals,

® mechanism for collective educational and
research pursuits,

® forum and agency for internal interactions at
Virginia Tech. :

The Center for Composite Materials and Structures
is supported by a vigorous program of activity at
Virginia Tech that has developed since 1963. Research
expenditiires for investigation of composite materials
and structures total well over seven million dollars
with yearly expenditures presently approximating two
million dollars.

Research is conducted in a wide variety of areas
including design and analysis of composite materials
and composite structures, chemistry of materials and
surfaces, characterization of material properties,
development of new material systems, and relations
between damage and response of composites.
Extensive laboratories are available for mechanical
testing, nondestructive testing and evaluation, stress
analysis, polymer synthesis and characterization,
material surface characterization, component
fabrication, and other specialties.

Educational activities include eight formal courses
offered at the undergraduate and graduate levels
dealing with the physics, chemistry, mechanics, and
design of composite materials and structures. As of
1984, some 43 Doctoral and 53 Master’s students have
completed graduate programs and several hundred
Bachelor-level students have been trained in various
aspects of composite materials_and structures. .A
significant number of graduates are now active in
industry and government

Various Center faculty are internationally recog-
nized for their leadership in composite materials and
composite structures through books, lectures,
workshops, professional society actlvmes, and
research papers.

MEMBERS OF THE CENTER
Aerospace and Ocean - Engineering Science J. N. Reddy
Engineering and Mechanics Kenneth L. Reifsnider
Raphael T. Haftka Hal F. Brinson C. W, Smith -
Eric R. Johnson Robert Czarnek Wayne W. Stinchcomb
Rakesh K. Kapania David Dillard Surot Thangjitham
Chemical Engineering Norman E. Dowling Industrial Engineering and
Donald G. Baird John C. Duke, Jr. Operations Research
. Daniel Frederick 'oel A. Nachlas
Chemistry s
O. Hayden Griffin, Jr. . S
John G. Dillard Zafer Gurdal Materials Engineering
James E. McGrath Robert A. Heller D. P. H. Hasselman
Thomas C. Ward Edmund G. Henneke, II Robert E. Swanson
James P. Wightman Michael W. Hyer Mathematics
Civil Engineering Robert M. Jones Werner E. Kohler
R. M. Barker Liviu Librescu Mechanical Engineering
Electrical Engineering Alired C. Loos Charles E. Knight
loannis M. Besieris Don H. Morris john B. Kosmatka
Richard O. Claus John Morton J. Robert Mahan
:Aha:.kr:aiyn‘::ra Craig A. Rogers
Daniel Post Curtis H. Stern

Inquiries should be directed to:

Center for Composite Materials and Structures
College of Engineering
Virginia Tech
Blacksburg, VA 24061
Phone: (703) 961-4969






